Context: More research is needed to understand the flow characteristics of hyaluronic acid (HA) during motions used in osteopathic manipulative treatment and other manual therapies.
The deep fascia is a multilayered structure of dense and loose connective tissue, where HA produces a gliding interface in conjunction with the epimysium of the muscle. 3 As revealed in a study by McCombe et al, 4 higher concentrations of HA are substantially lower molecular weight than HA does, supporting the notion that HA does not cross fascial layers.
Thus, for the purposes of the present study, we consider the fascial layers to be impermeable to HA.
Manual therapy techniques-such as Rolfing (structural integration), massage with a mechanical vibrator, and fascial manipulation-are designed to manipulate fascial layers within the body. Therapists often claim that the increased fascial motion of these techniques results in beneficial effects.
In the present study, we explored the mechanical ◾ With loading of the upper surface, the film thickness decreases, whereas with unloading, the film thickness increases.
When internal pressure within a fascial compartment surpasses venous pressure, the creation of compartment syndrome occurs, which is found in many different fascial compartments of the body, 12 as well as in legs, 13 arms, 14 the back, 15 and the abdomen. The linear relationship between rates of shear stress and shear strain for hyaluronic acid.
Boundary Conditions
In Figure 3 , the lower surface at y = 0 is stationary with a velocity u (at y = 0) = 0. The upper surface at y = h moves with velocity u = U. In the z direction, the boundary conditions for the velocity w at y = 0 is w (at y = 0) = 0 and at the upper surface, y = h, the velocity is w (at y = h) = 0.
The pressure along the edges is assumed to be p = 0.
Using equations (1) and (2) together with the boundary conditions, the pressure distribution for different massaging techniques can be obtained from the following equation:
Results

Constant Sliding
In the sliding technique ( Figure 3) , a tangential force on the upper layer of fascia is applied with a velocity U.
Therefore, the vertical velocity ∂h / ∂t is ignored in equation (3). Then the partial differential equation (3) simplifies to the following equation:
The boundary conditions are applied to equation (4) In considering Figure 2 , we apply the Navier-Stokes equations in 3 dimensions along with the continuity equation in the following manner: 
For equation (1) , u, v, and w are velocities in the x, y, and z directions, respectively; p is the hydrostatic pressure, ρ, the density of the fluid; g x , g y , and g z , are gravity accelerations along the x, y, and z directions; and μ is the viscosity.
The continuity equation for an incompressible fluid is expressed as the following:
A B Figure 2 . The squeeze film lubrication theory, shown as an automobile tire in a static state (A) and in motion (B) on a road topped with a thin film of water (blue). The motion creates a "wedge," or slope, and generates pressure in the fluid film when the fluid passes through the wedge. This effect can be applied to how hyaluronic acid acts within the fascia.
The pressure distribution for a vibration frequency of 15 Hz and amplitude, A, of 20 µm is plotted in Figure 6 .
As in constant sliding, the fluid viscosity is taken as 5300 cP, and the vibrations are applied over a fascial sheet of 25 × 25 mm 2 area. The fluid film thickness is taken as h 0 = 100 µm.
The peak pressure occurs at the center and has a value of 5.7 MPa. The peak pressure in this case is a function of the frequency of vibration. As can be seen in Figure 7, increasing the frequency by a factor of 4 to 60 Hz also increases the pressure by a factor of 4 to 22.8 MPa. In general, therefore, an increase in vibration frequency will increase the peak pressure by a proportional amount, as there is a linear relationship between frequency and peak pressure.
Tangential Oscillation
In the third and final situation, we investigated the pressure distribution by using the tangential oscillation tech- 
. doubled to 4 Hz, the peak pressure is also again approximately doubled to 1.05 MPa, as shown in Figure 10 .
Comment
A slope needs to be present to generate a fluid pressure gradient during constant sliding motion, as can be seen in equations (4) and (6) . That is, there must be a difference in film thickness between the right edge and the left edge.
If the film thickness is constant throughout, there will be no fluid pressure gradient generated. As observed during
where d is the maximum sliding distance in the x direction. For this example, we take d to be 25 mm and the frequency of oscillation as 2 Hz. All other parameters are equal to those used for the constant sliding situation discussed previously.
As shown in Figure 9 , the peak pressure is 0.54 MPa for the parameters used. If the frequency of oscillation is such changes are similar to ones that occurred in the connective tissue structures that allow tendon sliding, as noted by Guimberteau et al. 22 Current musculoskeletal ultrasonography can produce images of fluid layers of 100 to 200 µm. Nevertheless, anatomic investigations at even higher resolution will be needed to evaluate structural connective tissue changes by using in vitro techniques such as sheet plastination 23 or second harmonic imaging. 24 Our results suggest that use of a mechanical massager may produce better gliding between the different anatomical structures than hands-only therapy. We believe that therapists who use other mechanical tools-such as the 6 stainless steel instruments used with the Graston technique-may also claim greater benefits than manual therapy alone. These tools are used to apply pressure on a much smaller area compared with the therapist's finger or hand, and the benefits may be due to a greater pressure gradient in the HA layer. Future studies should seek measurements of loading and shear forces, as well as HA layer thickness, during manual therapy, which can then be used to improve the reliability of our results and refine current manual therapies.
Conclusion
The mathematical model suggests that inclusion of perpendicular vibration and tangential oscillation may provide additional benefits in manual therapies that currently use only constant sliding motions.
